Aims/hypothesis Novel type 2 diabetes-susceptibility loci have been identified with evidence that individually they mediate the increased diabetes risk through altered pancreatic beta cell function. The aim of this study was to test the cumulative effects of diabetes-risk alleles on measures of beta cell function in non-diabetic individuals. Methods A total of 1,211 non-diabetic individuals underwent metabolic assessment including an OGTT, from which measures of beta cell function were derived. Individuals were genotyped at each of the risk loci and then classified according to the total number of risk alleles that they carried. Initial analysis focused on CDKAL1, HHEX/IDE and TCF7L2 loci, which were individually associated with a decrease in beta cell function in our cohort. Risk alleles for CDKN2A/B, SLC30A8, IGF2BP2 and KCNJ11 loci were subsequently included into the analysis. 
within or close to FTO, CDKN2A/B, IGF2BP2, SLC30A8, CDKAL1 and HHEX/IDE, along with confirming the involvement of TCF7L2, PPARG and KCNJ11 [1] [2] [3] [4] [5] [6] . Many of the confirmed type 2 diabetes variants have since been shown in population cohorts to alter beta cell function [7] [8] [9] [10] [11] [12] [13] . These studies include the RISC (Relationship between Insulin Sensitivity and Cardiovascular Disease) study [14] , where we previously showed that CDKAL1 (rs10946398) and HHEX/IDE (rs1111875) loci were associated with altered beta cell function as measured by the 30 min insulin response and pancreatic beta cell glucose sensitivity derived from an OGTT [10] . The aim of this study was to test the cumulative effects of variants shown individually to alter beta cell function.
Methods
We included the CDKAL1 (rs10946398) and the HHEX/IDE (rs1111875) susceptibility loci as we have shown previously that they significantly affect pancreatic beta cell function individually in the RISC cohort. We also included TCF7L2 (rs7903146), as it remains the strongest genetic predictor of type 2 diabetes, and has been reported to associate with decreased pancreatic beta cell function [8, 15] . We next included these loci and those of the other four genes reported to alter beta cell function, CDKN2A/B (rs10811661), IGF2BP2 (rs4402960), SLC30A8 (rs13266634) and KCNJ11 (rs5219), in our model to test the effects of all seven variants. To do this we used the RISC cohort that comprises non-diabetic men and women of European ancestry from 19 centres across 13 different countries [14] . Volunteers were recruited as part of a long-term study of insulin sensitivity and cardiovascular disease and those with diabetes, hypertension or dyslipidaemia were excluded. The analysis presented here is based on 1,211 individuals who had passed the eligibility criteria and had completed genotype data. We studied the same indices of pancreatic beta cell function. The 30 min insulin response is the ratio of the insulin concentration increment to the 30 min glucose concentration ([30 min insulin (pmol/l)-0 min insulin (pmol/l)]/[30 min glucose (mmol/l)]). Pancreatic beta cell glucose sensitivity is the slope of the doseresponse curve between model-derived measures of insulin secretion vs plasma glucose concentration achieved during the OGTT [16] . Log 10 transformation was used to normalise distributions and data are reported as geometric mean and SEM. Individuals were genotyped by KBioscience (http://www.kbioscience.co.uk/) at each of the type 2 diabetes-risk loci and then classified according to the total number of risk alleles that they carried. So for the initial three loci analysis, an individual homozygous for the risk allele at one locus, and heterozygous at the other two loci would carry a total of four risk alleles. Individuals with five or six risk alleles were grouped together in view of the relatively small number of individuals. For the analysis which looked at all seven loci, individuals were grouped together if they carried four or fewer, or nine or more. Statistical analyses were performed using Minitab version 15. Linear trend analysis (additive model) was performed to test for associations between the CDKAL1, HHEX/IDE and TCF7L2 SNP genotypes and 30 min insulin response, then beta cell glucose sensitivity after adjusting for age, sex and recruitment centre. Interaction analysis was performed using Stata. p<0.05 was considered statistically significant.
Results and discussion
All SNPs were in Hardy-Weinberg equilibrium. Although all analyses were corrected for recruitment centre, we , and beta cell glucose sensitivity (b), p=1.51×10 −6 . Blood was sampled at 30 min intervals during the OGTT to form the basis for modelling the estimates of glucose sensitivity. Data are presented as the geometric mean (SEM) after adjustment for age, sex and recruitment centre compared genotype frequencies between individuals from North and South European recruitment centres and found no significant differences.
First, we confirmed that the TCF7L2 risk allele was individually associated with decreased early insulin response to an OGTT (p=0.038) as previously reported [15] . Combining the diabetes-risk alleles for CDKAL1 (rs10946398), HHEX/IDE (rs1111875) and TCF7L2 (rs7903146) loci showed an additive model of association with measures of beta cell function. The additive effects of the three risk variants were associated with a decrease in 30 min insulin response (p=4.17×10
−7
). This was decreased by 43% in the 3.1% of the cohort with five or more risk alleles compared with the 3.2% that carried no risk alleles ( ). Interaction analyses showed that none of the comparisons was significantly different between a purely additive model and a full model containing interaction terms. From this we can determine that there is no evidence of deviation from additive effects within or between the susceptibility loci. Other key demographic and metabolic data for the individuals with combined risk alleles are summarised in Table 1. Although the other novel genes, CDKN2A/B, IGF2BP2, SLC30A8 and KCNJ11 have been shown to be associated with indices of pancreatic beta cell function in other studies [7, 11, 12] , they did not reach statistical significance individually in our cohort [10] . However, when we included them in our additive model the relationships between increasing number of risk alleles and decreasing 30 min insulin response and decreasing beta cell glucose sensitivity still remained significant (p<0.001 and p=0.003, respectively). Between the 8% of the cohort with four or fewer risk alleles and the 16.8% with nine or more risk alleles there was a 21.8% decrease in 30 min insulin response and 29.6% decrease in pancreatic beta cell glucose sensitivity.
We have previously shown that common type 2 diabetes risk alleles combine in an additive manner to increase diabetes risk in individuals carrying multiple susceptibility alleles [17] . This is the first study to show that risk alleles individually associated with impaired pancreatic beta cell function combine in the same additive manner to markedly decrease beta cell function in individuals carrying multiple susceptibility alleles. The additive impact upon beta cell glucose sensitivity is of particular interest, as decreased beta cell glucose sensitivity in non-diabetic individuals has been shown to be a powerful, independent predictor for progression to type 2 diabetes [18] . Importantly, the decrease in the indices of beta cell function with increasing number of risk alleles was not a function of changes in whole-body insulin sensitivity (M/I), which essentially remained unchanged, as shown in Table 1 .
Further testing in other population-based studies is required to validate our results. Larger studies have also confirmed susceptibility loci within the SLC30A8, CDKN2A/B, IGF2BP2 and KCNJ11 genes as altering beta cell function, so larger studies may refine our initial estimates [7, 11, 12] . In conclusion, while individual susceptibility alleles only moderately alter pancreatic beta cell function, the risk is additively increased when risk alleles are combined. Our study provides a validation of the additive model by which risk alleles combine to increase disease susceptibility.
